Introduction
The ubiquitous cytoskeletal 8-12-nm intermediate fi laments (IFs) are made of cell type-specifi c molecular components that are encoded by several multigene families encompassing at least 71 functional genes in human (Herrmann et al., 2003; Omary et al., 2004; Schweizer et al., 2006) . The largest subfamilies are the type I and type II keratins in epithelial cells, which are obligatory heteropolymers contributing equally to mature keratin fi laments (KFs) by forming stable double-stranded coiled-coil heterodimers (Herrmann et al., 2003) . KFs provide mechanical stability and overall resilience for epithelial tissues (Coulombe and Omary, 2002; Magin et al., 2007) . They are organized in different ways in the various epithelial cell types, generating thick bundles in epidermal keratinocytes, apically restricted and densely woven mats in enterocytes, subplasmalemmal enrichments in hepatocytes, or fi nely dispersed three-dimensional networks in several cultured epithelial cell types. These alternative arrangements in combination with the diverse cell shapes that are required in living tissues suggest that the KF cytoskeleton is highly dynamic. Two types of regulation are being considered: differential association of KFs with scaffolding proteins and keratin modifi cation (Coulombe and Omary, 2002; Coulombe and Wong, 2004) . A scaffolding function is apparently provided by cell adhesion structures, and key molecular players have been identifi ed such as the desmosomal plaque proteins desmoplakin/plakophilin/plakoglobin (Hatzfeld and Nachtsheim, 1996; Smith and Fuchs, 1998; Kowalczyk et al., 1999; Hofmann et al., 2000) and the hemidesmosomal components plectin and bullous pemphigoid antigen 1 (Steinbock et al., 2000; Fontao et al., 2003) . The multifunctional cytoskeletal crosslinker plectin may also participate in attachment to other cytoskeletal elements and the nucleus (Leung et al., 2002; Rezniczek et al., 2004; Wilhelmsen et al., 2005) . In addition, keratin bundling is favored by proteins such as fi laggrin (Listwan and Rothnagel, 2004) . The importance of protein modifi cation for keratin organization has been widely recognized and phosphorylation is considered to be the major contributing factor . Because altered phosphorylation is often accompanied by structural changes, it is generally assumed that a cause-and-effect relationship exists between both. In accordance, increased keratin phosphorylation is observed during mitosis and in various stress paradigms, i.e., in situations of considerable keratin reorganization (Liao et al., 1997; Toivola et al., 2002; Ridge et al., 2005) . It was further suggested that keratin phosphorylation is the result of antagonistic kinase and phosphatase activities that are regulated in a cell type-specifi c manner ). Yet, a direct temporal and spatial correlation between specifi c enzymatic activity, p38 MAPK-dependent shaping of the keratin cytoskeleton in cultured cells
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OV-induced keratin granules colocalize with p38
p and express p38 p target sites
We have recently shown that rapid and reversible restructuring of the keratin cytoskeleton occurs in the presence of OV, a well known, yet rather unspecifi c tyrosine phosphatase inhibitor that also effects other enzymes such as cellular ATPases (Gibbons et al., 1987; Strnad et al., 2002) . This reorganization can be effectively prevented by ambient light, and to a lesser degree, by preincubation with the specifi c p38-inhibitor SB203580 (Strnad et al., 2003) . The latter observation suggested that signaling via the p38-MAPK pathway is involved in the regulation of KF organization. To further pursue this idea, we examined the distribution of activated p38 by immunofl uorescence micros copy of OV-treated vulva carcinoma-derived AK13-1 cells producing fl uorescent HK13-EGFP. Shortly after addition of the drug, a remarkable redistribution of phosphorylated p38 (p38 p ) from a diffuse cytoplasmic pool lacking colocalization with the keratin system to a marked granular pattern occurred, coinciding with the appearance of keratin granules (Fig. 1) . At intermediate stages of KF disassembly remnant, normal-appearing KFs were negative for p38 p , whereas thick KF bundles were weakly positive and newly formed granules were most strongly stained with p38 p antibodies (Fig. 1, B and C). The same pattern of codistribution was noted using either polyclonal or monoclonal antibodies (compare Fig. 1 with Fig. S1 , A and B; available at http://www .jcb.org/cgi/content/full/jcb.200703174/DC1). Furthermore, cotransfection of fl uorescent K18 and p38 resulted in colocalization of both proteins in prominent aggregates of living epithelial cells (Fig. S1, C and D) . On the other hand, antibodies directed against the other phosphorylated MAPKs ERK and JNK did not react with OV-induced keratin granules (not depicted).
It is known that p38 phosphorylates specifi c keratin residues (Feng et al., 1999; Ku et al., 2002; Toivola et al., 2002) . Using an antibody directed against keratin 8 (K8)-S73 p , the major site in the K8 head domain that is phosphorylated by p38 (Liao et al., 1997; Ku et al., 2002) , we could confi rm previous results demonstrating that this epitope is virtually absent in normal-appearing interphase KF networks (Fig. 2 , A-A″; Liao et al., 1997) . Soon after OV addition, however, K8-S73 p was readily detected on newly formed keratin granules (Fig. 2, B and C) . In contrast, keratin phosphoepitope K8-S431 p was present in both intact KF networks and keratin granules (Fig. S2 , available at http://www.jcb.org/cgi/content/full/jcb.200703174/DC1). The same constitutive phosphorylation in untreated and OV-treated cells was also noted for K18-S33 p (not depicted).
p38 activation promotes keratin granule formation and keratin phosphorylation
The consistently observed keratin aggregation in cells overexpressing p38-GFP (Fig. S1 C) suggested that p38 activation Figure 1 . p38 p colocalizes with forming keratin granules in OV-treated cells. The fl uorescence micrographs of methanol/acetone-fi xed A431 cells of clone AK13-1 show the distribution of keratin HK13-EGFP (A-C) together with p38 p using polyclonal primary antibodies (A′-C′; merge in A″-C″) in the absence (A) and presence of 20 mM OV (B and C). Note that p38 p is distributed diffusely in nontreated cells, but colocalizes with keratin granules that are formed in response to OV. Bars, 10 μm.
P38-DEPENDENT SHAPING OF THE KERATIN CYTOSKELETON • WÖLL ET AL. 797 determines keratin organization. To further examine this idea, A431 cells were transfected with the constitutively active p38 upstream regulators MKK3 and MKK6 (Raingeaud et al., 1996) either alone or in combination. These cells were identifi ed by immunofl uorescence microscopy detecting the attached Flag-tag (Fig.  3 A′) , or by direct fl uorescence microscopy of a linked CFP moiety (Fig. 3 B″) . Transfected cells presented keratin granules that were positive for p38 p (Fig. 3 , B and B′) and contained K8-S73 p epitopes (Fig. 3 , C-C″). Many dead cells were noted 24 h after transfection, probably a consequence of p38-induced apoptosis, which was also noted in p38-GFP-producing cells. As an alternative to the slow-acting genetic p38 activation, pharmacological means were used to facilitate short-term induction and to prevent complex downstream effects of p38 action. Already 3 min after addition of the p38 activator anisomycin (Cano et al., 1996) , abundant keratin granule formation was observed (see Fig. 3 D for 5-min time point) that was accompanied by p38 p recruitment (Fig. 3 , D′ and D″) and appearance of K8-S73 P (not depicted). Collectively, these observations show that p38 activation leads to keratin reorganization and keratin modifi cation. 
p38 inactivation prevents keratin granule formation
Conversely, A431 cells were treated with specifi c p38 inhibitors. In addition to the previously used p38 inhibitor SB203580 (Strnad et al., 2003) , we tested SB202190 that also preferentially interferes with the α and β isoforms of p38 (Davies et al., 2000) . This treatment did not disrupt the KF network over a wide concentration range, although KFs appeared to coalesce and concentrate gradually in the central cytoplasm over time. When, in addition, cells were incubated with OV, keratin granule formation was effi ciently prevented (compare Fig. 4 A with Fig. 4 B) . To down-regulate p38 synthesis genetically, expression of p38 isoforms was fi rst determined by RT-PCR. α, γ, and δ isoforms could be amplifi ed from AK13-1 cells but not p38-β. Therefore, plasmids were constructed encoding α-, δ-, and δ/γ-specifi c p38 shRNAs together with fl uorescent indicator proteins. Transfected AK13-1 cells exhibited considerable reorganization of the keratin cytoskeleton in each instance (Fig.  S3 , A and B; available at http://www.jcb.org/cgi/content/full/ jcb.200703174/DC1). A substantial depletion of KFs was seen in most parts of the cytoplasm, sparing only desmosome-anchored fi laments. Most material coalesced in a juxtanuclear position. It still contained fi laments that were compacted, but did not aggregate into granules. When these cells were treated with OV, the remaining fi laments did not form granules as in neighboring nontransfected cells (Fig. 4, C and C′) .
Collectively, the data suggested that the p38 K8-S73 target residue contributes to keratin granule formation. We therefore decided to compare the KF network-forming properties of the phosphorylation-incompetent K8-S73A mutant and the K8-S73D mutant mimicking constitutive phosphorylation. When introduced together with human K18 chimera HK18-YFP into A431 cells, only 31.33 ± 3.87% of K8-S73A-producing cells contained keratin granules (n = 560; four experiments) whereas 59.9 ± 1.59 of K8-S73D-producing cells presented abundant granules (n = 604; four experiments). To abolish the mitigating effects of endogenous wild-type keratins, K8 constructs were transfected together with HK18-YFP chimeras into SW13 cells that lack cytoplasmic IFs (compare Wöll et al., 2005) . In each instance, however, a normal-appearing KF network was formed (for similar results in NIH-3T3 cells, see also Ku et al., 2002) , although an increase in the soluble pool of cells producing K8-S73D cannot be excluded (Fig. S3, C and D) . Turnover of these K8 mutant-containing networks and motility of KF precursors were analyzed by time-lapse fl uorescence microscopy and FRAP. No differences were noted in comparison to cells producing only wild-type keratins (unpublished data). In addition, motility of cells transfected with mutant K8 constructs was indistinguishable from cells synthesizing wild-type keratins. These results demonstrate that K8-S73 p alone is not suffi cient to mediate KF network rearrangements, although it appears to contribute, in combination with other factors, to keratin rearrangement in a cell context-dependent fashion.
Keratin granule formation coincides with a rapid increase in p38 and K8-S73 phosphorylation
To examine the extent of phosphorylation of p38 and keratins upon keratin granule formation, biochemical analyses were performed of cells treated with OV. A rapid and considerable rise of p38 p was readily detectable in immunoblots of total cell lysates in response to OV (Fig. 5 A) . Furthermore, reaction of cytoskeletal fractions with antibodies directed against K8-73 p revealed a similarly rapid and coincident increase (Fig. 5 B) , whereas no changes were observed for other keratin phosphoepitopes (Fig. 5 C) . To examine interactions between keratins and p38, Figure 4 . Down-regulation of p38 activity prevents keratin granule formation in response to OV treatment. p38 activity was either inhibited by treatment with 50 μM SB202190 for 10 min or by transfection with p38α-specifi c shRNA before incubation with OV for the indicated times. HK13-EGFP fl uorescence was then assessed in the methanol/acetone-fi xed AK13-1 cells by confocal laser scanning microscopy. Note that keratin granules are rapidly formed in cells without the p38 inhibitor (B) but not after pretreatment with SB202190 (A). Similarly, cells producing p38α-specifi c shRNA as identifi ed by linked monomeric red fl uorescent protein (mRFP) fl uorescence (C′) present a keratin network that is not altered by OV (C and C′). Bars, 10 μm.
coimmunoprecipitation experiments were performed. Using different detergents including NP-40 and empigen BB (Lowthert et al., 1995) , we were able to detect p38 p in anti-keratin precipitates from colon carcinoma-derived HT29 cells whose level was, however, not increased upon OV treatment in these cells or in AK13-1 cells (Fig. 5 D; unpublished data). Either we were not able to solubilize the newly formed keratin granules efficiently (see also Windoffer and Leube, 2001) , and/or existing bonds were disrupted during cell fractionation.
Phosphorylated keratin granules that
are generated in various stress situations colocalize with p38 p To investigate whether p38 p recruitment and simultaneous increase of site-specifi c keratin phosphorylation apply also to other situations when keratin granules are formed, AK13-1 cells were subjected to various types of stress. A 5-min incubation at 60°C induced keratin granules that were most prominent in peripheral regions and colocalized with p38 p (Fig. 6 A) . Hypotonic stress that was applied by incubation in 150 mM urea resulted in reorganization of the KF system into clumped material that also stained for p38 p ( Fig. 6 B) . Conversely, hypertonic stress also induced disassembly of the KF network into granular material. p38 p antibodies reacted again specifi cally with the granular material, but not with the remaining thin fi laments (Fig. 6 , C and D). The K8-S73 p epitope was also detected in the granular material in each situation (not depicted). These observations support the notion that p38 recruitment is a general mechanism that is associated with KF phosphorylation and reorganization. Considerable keratin reorganization takes place during mitosis, and it was reported that A431-cells almost completely disassemble their network into soluble material and rapidly moving keratin granules during early prophase Leube, 1999, 2001 ). When we stained dividing AK13-1 cells with p38 p antibodies, an almost complete colocalization with forming keratin granules was noted during metaphase (Fig. 7 , B-B″). In very early prophase, KFs disintegrated into p38 p -positive granules (Fig. 7, A-A″) . Occasionally, cells were seen with intermediate phenotypes, i.e., with dense fi lament bundles or granules emanating from thin fi laments, both of which may correspond to intermediate stages of either assembly or disassembly (Fig. 7, C-C″) . Interestingly, peripheral parts of KF networks were sometimes labeled by p38 p antibodies in areas of cells that did not attach directly to neighboring cells but contained lamellipodial-like extensions (not depicted). These areas were recently identifi ed as regions of high KF turnover (Wöll et al., 2005; Windoffer et al., 2006) . K8-S73 P appearance was noted in each instance (not depicted).
Mutant keratin granules colocalize with p38 p and K8-S73 p
Given that p38 p is recruited to keratin granules that are formed in very different situations, we decided to examine the composition Figure 5 . OV treatment leads to rapid increase of p38 and K8-S73 phosphorylation. Immunoblots of total cell lysates (A) and cytoskeletal extracts (B and C) that were prepared from AK13-1 cells detecting all p38 polypeptides (p38 total), phosphorylated p38 (p38 phosp), all keratin 8/18 polypeptides (K8/K18), K8 phosphoepitopes S73 p (K8-S73 p ) and S431 p (K8-S431 p ), and keratin 18 phosphoepitope S33 p (K18-S33 p ). Cells were treated with 20 mM OV for up to 150 s in the dark. Polypeptides were separated by 10% SDS-PAGE and transferred onto nitrocellulose membranes before incubation with primary and HRP-coupled secondary antibodies. Bound antibodies were detected with the help of the ECL system. The bottom and top blots in A were obtained from gels containing the same samples that were run in parallel; the bottom blots in B and C were obtained after stripping of the top blots of each, respectively. Note the rapid and specifi c increase of p38 p and K8-S73 p in OV-treated cells. (D) Immunoblot of immunoprecipitates that were prepared with the help of antibodies L2A1 directed against keratin 8/18 polypeptides from colon carcinoma-derived HT29 cells and mammary adenocarcinoma-derived MCF7 subclones MT5K14-25 producing EYFP-K14 and MT5K14-26 producing mutant EYFP-K14 R125C . The fl uorogram depicts the reaction of antibodies directed either against keratins 8/18 and p38 p as detected with the ECL system in the immunoprecipitates that had been separated by nondenaturing 10% SDS PAGE and blotted onto nitrocellulose. Note that preincubation of HT29 cells with 20 mM OV for 4 min did not increase the amount of coprecipitated p38 p and that p38 p did not preferentially associate with precipitable mutant keratins.
of granules containing mutant keratins. We used MCF7-derived cell line MT5K14-26, producing mutant EYFP-K14 R125C fl uorescent chimeras (Werner et al., 2004) . The abundant peripheral keratin granules were strongly stained by p38 p antibodies, whereas the residual perinuclear KFs were not (Fig. 8, B-B″) . In comparison, cell line MT5K14-25 synthesizing wild-type fl uorescent K14 chimera EYFP-K14 presented only diffuse p38 p fl uorescence (Fig. 8, A-A″) . Coimmunoprecipitation experiments, however, did not reveal an increased association of keratins with p38 p in the mutant cells, possibly due to the inability to solubilize the p38 p -positive granular material or due to disruption of the association during immunoprecipitate preparation (Fig. 5 D) . Quantifi cation of the p38 level in MT5K14-25 and MT5K14-26 showed that total p38 was the same in both, whereas p38 p was twofold increased in EYFP-K14 R125C cells (Fig. 8,  C-E) , reminiscent of the reported increase of JNKs in keratinocytes expressing other keratin mutants (D'Alessandro et al., 2002) . Furthermore, endogenous keratins colocalized with the mutant polypeptides and K8-S73 p epitopes were seen in perinuclear fi laments and most prominently in keratin granules (Fig. 9 , C-C″). In contrast, this epitope was only expressed in mitotic cells of line MT5K14-25 (Fig. 9, A-A″) . Similar to A431-derived cells, all different keratin organizational forms were positive for K8-S431 p in both MCF7-derived cell lines (Fig. 9 , B and D).
p38 inhibitors interfere with KF precursor formation and mutant keratin granule disassembly Fig. 4 shows that p38 inhibitors do not result in immediate KF network disassembly, although long-term down-regulation resulted in network depletion (Fig. S3 ). To fi nd out whether dynamic aspects of KF organization are altered in these conditions, time-lapse fl uorescence microscopy was performed. A typical sequence is shown in Fig. 10 A and Video 1 (available at http:// www.jcb.org/cgi/content/full/jcb.200703174/DC1). Addition of the p38 inhibitor SB202190 led to an increased concentration of the fl uorescent KF network toward the central cytoplasm. This altered arrangement was, however, not caused by cell retraction because the periphery remained in place and continued to exhibit high ruffl ing activity with multiple dynamic fi lopodial extensions. Remarkably, the peripheral cytoplasmic area did not contain KF precursors that are usually generated in this region . Stress fi bers were noted in close proximity to the periphery of the retracted keratin network (Fig. 10 A′, arrowheads) . To fi nd out whether a similar inhibition of KF precursor formation occurs also in cells producing mutant keratins, MT5K14-26 cells were treated with SB202190 ( Fig. 10 B and Video 2; available at http://www.jcb.org/cgi/content/full/jcb .200703174/DC1). KF precursor formation ceased immediately after drug application. At the same time, ruffl ing activity of the peripheral cytoplasm continued. Upon washout of the drug, keratin particle formation resumed in the peripheral cytoplasm. Despite these strong effects of p38 inhibition on keratin particle formation, cells retained keratin granules even after extended periods of SB202190 treatment (unpublished data). Time-lapse fl uorescence analysis helped to solve this apparent paradox, revealing that keratin particles became stabilized upon p38 inhibition (Videos 2 and 3). The rapid dissolution observed in untreated MT5K14-26 cells (see also Werner et al., 2004 ) was almost p distribution (immunofl uorescence in A′-D′; merged images in A″-D″) in methanol/ acetone-fi xed AK13-1 cells subjected to different types of stress. Cells were either subjected to a 5-min heat stress at 60°C (A-A″), incubated for 7 min in 150 mM urea (B-B″), or treated for 10 min with 200 mM sorbitol (C-C″; higher magnifi cations in D-D″). Note that newly formed keratin granules colocalize specifi cally with p38 p in each instance. Bars, 10 μm.
completely abolished. In sum, our observations highlight the importance of p38 activity for KF precursor formation and KF network turnover.
Discussion
The current study identifi ed p38 as a major regulator of KF network formation by revealing a tight temporal and spatial correlation between activation of p38, recruitment of p38 p to KFs, keratin phosphorylation at specifi c p38 target sites, and ensuing disassembly of KFs into granules. This sequence of events was observed during physiological situations of KF reorganization, most notably in dividing cells, in cells subjected to stress and, quite remarkably, in cells producing mutant keratins (summary of colocalization results in Fig. S4 , available at http://www.jcb .org/cgi/content/full/jcb.200703174/DC1). Furthermore, experimental up-regulation of p38 activity led to keratin granule formation, whereas its down-regulation prevented it. The speed and reversibility of the observed p38-dependent processes make them highly suitable to accomplish transient network attenuations . The values determined in MT5K14-25 cells were defi ned as 100%. Note that in MT5K14-26 cells the level of total p38 is not signifi cantly different (90 ± 6.8%; P = 0.343), but that p38 p is considerably increased in these cells (220 ± 29.9%; P ≤ 0.001).
in various in vivo situations that require fi nely tuned cell shape changes. Indeed, p38 is present in epithelial cells and responds rapidly (i.e., within a few minutes) to various types of stress. These include physiologically relevant mechanical pressure (Hofmann et al., 2004) , osmotic shock (Garmyn et al., 2001; Cheng et al., 2002) , and UV irradiation (Chen and Bowden, 1999) . Moreover, p38 is induced in keratinocytes upon wounding (Harper et al., 2005) . Accordingly, it has been observed that keratinocyte outgrowth from human skin explants and keratinocyte migration are dependent on p38 (Klekotka et al., 2001; Bakin et al., 2002; Sharma et al., 2003; Stoll et al., 2003) . Furthermore, p38 is activated by proinfl ammatory cytokines in A431 cells (Wery-Zennaro et al., 2000) and is increased in psoriatic skin (Johansen et al., 2005) . The migrating and dynamic keratinocytes require increased fl exibility of their cytoskeleton that may in part be provided by p38-mediated keratin network alterations. In support, p38 p staining was frequently observed in lamellipodia in our cell systems. The relevance of p38 activity in epithelial physiology is further underscored by the recent observation that pemphigus vulgaris IgGs that bind to the extracellular portion of the desmosomal cadherin desmoglein 3 induce "retraction" of the KF system via p38 (Berkowitz et al., 2005) . Collectively, overwhelming evidence exists demonstrating a prominent role of p38 in short-term regulation of epithelial plasticity that should be distinguished from long-term effects on keratinocyte differentiation and apoptosis (Eckert et al., 2002 Efi mova et al., 2003) . Furthermore, functions of p38 signaling are apparently not restricted to keratins, but are also of relevance for vimentin (Cheng and Lai, 1998) and neurofi laments (Ackerley et al., 2004) . On the other hand, other stressactivated protein kinases may be involved in IF organization, although activated JNKs and ERKs were not found in association with keratin granules in our cell systems. Yet, in other cells, K8 has been identifi ed as a binding partner of JNKs that also phorphorylate K8-S73 in vitro (He et al., 2002) and are elevated in cells producing mutant keratins (D'Alessandro et al., 2002) . Similarly, altered phosphorylation, presumably mediated by ERK1/2, has been reported for K8-S431 upon EGF stimulation and in response to osmotic stress Tao et al., 2006) .
Our results in combination with many other publications (compare Inagaki et al., 1996; Izawa and Inagaki, 2006; Omary et al., 2006) strongly suggest that keratin phosphorylation is the primary mechanism by which the keratin network is reorganized. K8-S73 has received particular attention because it presents an on/off behavior during mitosis, in various stress situations including shear stress, and during apoptosis (Liao et al., 1997; Feng et al., 1999; Ridge et al., 2005) . Furthermore, the sequence motif surrounding K8-S73 is conserved among several type II keratins as LLS/TPL where the corresponding threonine residue is also phosphorylated by p38 in an on/off fashion, leading to increased keratin solubilization, fi lament reorganization, and collapse during mitosis and UV-or anisomycininduced apoptosis, as well as in psoriatic skin and squamous cell carcinoma (Toivola et al., 2002) . Phosphorylation of sites in the head domain has been shown to be essential for the assembly Figure 9 . Wild-type K8 is specifi cally phosphorylated on S73 in mitotic keratin aggregates and in keratin granules containing mutant keratins. Fluorescence microscopy of methanol/acetone-fi xed MCF7 cell lines producing fl uorescent keratin 14 chimera EYFP-K14 (A and B; line MT5K14-25) or mutant keratin 14 chimera EYFP-K14 R125C (C and D; (Inagaki et al., 1990; Gibb et al., 1996; Gohara et al., 2001; Herrmann et al., 2003; Kreplak et al., 2004) . The increase in negative charge by phosphorylation is believed to prevent interactions of the head domain with the negatively charged rod thereby keeping the head in an "open" confi guration. Presumably, this confi guration is part of opening up the fi lament structure during disassembly into granules and may also be needed during intermediate assembly steps. The observed p38-dependent and head domain-specifi c phosphorylation of K8-S73 before KF disassembly, as well as the inhibition of both KF precursor formation and mutant keratin granule disassembly by the p38 inhibitor SB202190, strongly support this notion (Videos 1-3 ). Yet, further experiments are needed to fi nd out whether network disintegration into granules is due to keratin disassembly or simply a "clumping" of fi laments, both of which may be determined by phosphorylation. Further support for the importance of head domain phosphorylation was provided for vimentin, in which case S55A mutants were shown to prevent network disassembly during mitosis (Chou et al., 1996) . Similarly, light chain neurofi lament S55D mutants interfered with proper neurofi lament assembly in cultured cells and transgenic mice (Gibb et al., 1996 (Gibb et al., , 1998 . On the other hand, K8-S73 p is not alone suffi cient for KF network disruption ( Fig. S3 ; Ku et al., 2002) , indicating that additional p38 target sites in K8 and/or other keratins are necessary. Constitutive differences in overall keratin phosphorylation could well explain the different reactivities of KF networks in different cell types during mitosis and in various stress situations (compare Windoffer and Leube, 1999) , and, even more, the observed lack of keratin reorganization in vivo, e.g., in K8-S73 p -containing hepatocytes (Toivola et al., 2004) . It has been proposed, therefore, that multiple events of phosphorylation and dephosphorylation cooperate in KF organization . Cooperation of several phosphorylation sites for IF formation has also been documented for GFAP in transgenic mice (Takemura et al., 2002) , and the importance of cross talk between head and tail domain phosphorylation for neurofi lament assembly in specifi c cellular topologies has been described (Zheng et al., 2003) . Finally, we cannot exclude that p38 activity affects, in addition to keratins, factors which in turn regulate KF properties (Liao and Omary, 1996; Ku et al., 2004; Tao et al., 2005) .
The strong and highly specifi c staining of cytoplasmic granules containing mutant keratins with antibodies against p38 p and K8-S73 p was not expected, and we were even more surprised to be able to almost instantaneously prevent keratin granule formation by pharmacological p38 inhibition. Interestingly, hyperphosphorylated keratin granules are present in toxic liver disease in the form of cytoplasmic Mallory bodies Figure 10 . Inhibition of p38 activity prevents KF precursor formation and dissolution of mutant keratin granules. Image series (presented as inverse fl uorescence micrographs) were taken from time-lapse recordings, Video 1 depicting HK13-EGFP dynamics in AK13-1 cells (A and A′) and Video 2 showing EYFP-K14 R125C fl uorescence in MT5K14-26 cells (B-B″) and corresponding phase contrasts (overlays in A′ and B′). Cells were treated with the p38 inhibitor SB202190 (100 μM) as indicated. The positions of the plasma membranes as determined from phase-contrast images are demarcated in A, B, and B″. Note the retraction of the wild-type KF network in response to the drug while fi lo podia are still abundant (A′, arrows) and the presence of prominent stress fi bers (arrowheads) adjacent to the outermost KFs. The image series in B demonstrates the transient cessation of keratin granule formation and simultaneous granule stabilization (see also Video 3) upon drug administration (see also high magnifi cation of boxed area in B″ with arrows on newly formed KF precursors). Bars: (A, A′, B, and B′) 10 μm; (B″) 5 μm. (Stumptner et al., 2000; Fickert et al., 2003; Toivola et al., 2004; Zatloukal et al., 2004) , whose formation also relies on p38 activity (Nan et al., 2006) . p38 activity is likely also relevant for other IF aggregates that occur in many different diseases, including cardiac myopathy, glial Alexander disease, and several neurodegenerative diseases (Al-Chalabi and Miller, 2003; Helfand et al., 2003; Omary et al., 2004) . Notably, neurofi lament aggregates that are formed in motoneurons of patients suffering from amyotrophic lateral sclerosis contain p38 p together with phosphorylated NF-M and NF-H (Ackerley et al., 2004; Bendotti et al., 2004) . A similar colocalization was also noted in a transgenic mouse model of amyotrophic lateral sclerosis (Tortarolo et al., 2003; Bendotti et al., 2004) . In addition, mimickingincreased IF phosphorylation by expression of the NF-L S55D mutants led to prominent neuropathology with neurofi lament inclusion bodies in neuronal perikarya and swollen axons in transgenic mice (Gibb et al., 1998) .
While this investigation focused on the consequences of p38 recruitment for structural and dynamic properties of the keratin cytoskeleton, several publications have provided evidence that this interaction bears also important consequences for cell physiology. In particular, it has been suggested that keratins act as a phosphate "sponge" for stress-activated kinases based on observations in transgenic mice overexpressing K8-S73A and presenting increased susceptibility to liver injury and apoptosis . Our data, however, extend this model by demonstrating that activated p38 is not simply bound to the IF cytoskeleton, but also induces considerable organizational alterations and thereby affects cell shape, fl exibility, and most likely other basic cellular functions (Kim et al., 2006) .
Materials and methods
DNA cloning
cDNAs coding for HK8-CFP and HK18-YFP have been described previously (Strnad et al., 2002; Wöll et al., 2005) , and a cDNA for HK18-RFP was obtained from Anne Kölsch (this institute). A cDNA in the EcoRI site of Bluescript coding for keratin mutant K8-S73A was provided by Dr. Omary (Stanford University, Palo Alto, CA; Ku et al., 2002) . The ‫-006ف‬ bp HindIII fragment encompassing the mutated part of K8 was excised and exchanged for the corresponding wild-type fragment in HK8-ECFP-encoding plasmid that was described recently . In addition, a cDNA coding for K8-S73D mutant in a mammalian expression vector was also given to us by Dr. Omary (Ku et al., 2002) .
A p38-GFP cDNA was given to us by Dr. Bradham (Duke University, Durham, NC; Bradham and McClay, 2006) . Flag-tagged cDNAs coding for constitutively active MKK3 (in pRc/RSV) and MKK6 (in pCDNA3) were provided by Dr. Davis (University of Massachusetts Medical School, Worcester, MA; Raingeaud et al., 1996) . The HindIII/SpeI fragment coding for MKK3 was further subcloned into the corresponding sites of modifi ed plasmid pTER (van de Wetering et al., 2003) containing additional CMV promoter-driven fragments coding for either ECFP (pTER-ECFP) or mRFP (pTER-mRFP; see Windoffer et al., 2006) . In the case of MKK6, the MKK6-encoding plasmid and both pTER derivatives were cleaved with XbaI, blunt-ended, and cut with HindIII before ligation.
To specifi cally knock down p38 isoforms, shRNA-producing constructs were prepared. To this end, oligonucleotides encoding shRNAs were inserted into the BglII/HindIII sites of either pTER-ECFP or pTER-mRFP. For annealing, 10 pM of complementary oligonucleotides were incubated in annealing buffer (100 mM potassium acetate, 30 mM Hepes-KOH, pH 7.4, and 2 mM magnesium acetate) for 5 min at 95°C, 10 min at 70°C, and cooled down to room temperature. Subsequently, they were either stored at −20°C or used directly for ligation with plasmid DNA. Oligonucleotide pairs α1-sense/α1-antisense and α2-sense/α2-antisense were used to deplete p38α RNA, oligonucleotide pairs δ2-sense/δ2-antisense and δ3-sense/δ3-antisense to degrade p38δ, and oligonucleotides δ1/γ1-sense/δ1/γ1-antisense to target p38α and δ (Fig. S5) .
RT-PCR
RT-PCR using the Enhanced Avian Reverse Transcriptase kit (Sigma-Aldrich) was performed for amplifi cation of RNAs coding for specifi c p38 isoforms. The oligonucleotides used to amplify the α, β, γ, and δ isoforms are listed in Fig. S5 .
Cell culture
The following cell lines were propagated as described previously: vulva carcinoma-derived A431 cells of clones E 3 and AK13-1 (Windoffer and Leube, 1999) , colon adenocarcinoma-derived HT29 cells (ATCC HTB 38), spontaneously immortalized mammary epithelial EpH4 cells (compare Windoffer et al., 2006) , and mammary adenocarcinoma-derived MCF7 cells of lines MT5K14-25 producing EYFP-K14 and MT5K14-26 synthesizing EYFP-K14 R125C (Werner et al., 2004) . Foreign DNA was transfected into subconfl uent cells by using the Lipofectamine 2000 reagent following the instructions provided by the manufacturer (Invitrogen; .
OV was obtained from Sigma-Aldrich and a 1M stock solution was prepared in ddH 2 O. The dissolved drug was added to subconfl uent cultured cells in the dark at fi nal concentrations between 10 and 30 mM for 5-10 min. To specifi cally inhibit p38α and β activity, cells were treated with SB202190 (Sigma-Aldrich) at fi nal concentrations ranging from 50 to 100 μM. To induce p38 activity pharmacologically, cells were incubated with anisomycin (Sigma-Aldrich) at 30 μM. In hyperosmotic stress assays, cells at 70-80% confl uence were incubated in medium containing 200 mM sorbitol for 5-25 min at 37°C before fi xation. Hypoosmotic stress conditions were attained by incubation in medium supplemented with 150 mM urea for 5-15 min at 37°C. Cells recovered subsequently in normal medium for 5-20 min before further processing. For heat stress, subconfl uent cells were placed in a 60°C incubator for 5-10 min and were then fi xed.
Fluorescence microscopy and antibodies
In most instances cells were fi xed by incubation for 5 min in −20°C cold methanole followed by a short 10-s treatment with −20° cold acetone. After air drying, cells were ready for antibody incubation. To detect soluble fl uorescent proteins it was necessary to fi x cells for 10 min at 4°C in 3% formaldehyde freshly prepared in PBS. A short 1-min treatment with 0.01% digitonin in PBS followed at room temperature. Alternatively, cells were treated with −20°C cold methanole for 10 min. After a subsequent 10-min incubation in 4°C PBS, cells were treated with 5% bovine serum albumin for 15 min at room temperature. Further antibody incubations followed in the same way as for methanol/acetone-fi xed cells .
The following antibodies were used: polyclonal rabbit antibodies directed against total p38, dual phosphorylated p38 (recognizing T180 p / Y182 p ), total JNK, JNK p , total ERK1/2, ERK1/2 p , and against the Flag epitope DYDDDK were obtained from New England Biolabs, Inc.; murine monoclonal antibodies against dual phosphorylated p38 (recognizing T180 p /Y182 p ) were from New England Biolabs Inc.; and monoclonal antibodies against K8-S73 p (LJ4), K8-S431 p (5B3), K18-S33 p (IB4), and total K8/K18 (L2A1) were provided by Dr. Omary Liao et al., 1997) ; secondary antibodies were ordered from Dianova and Rockland. Images were recorded with an inverse fl uorescence microscope (IX-70; Olympus) and an attached slow scan camera (model IMAGO, Till Photonics; Windoffer et al., 2006) . In some instances a confocal laser scanning microscope was used (SP5; Leica). Pictures were edited with Adobe Photoshop CS software to prepare fi gures.
Pearson coeffi cients were determined to quantify colocalization of different fl uorescence patterns using Image-Pro Plus software (Media Cybernetics).
Live-cell imaging
Recording of phase-contrast images and fl uorescence patterns on an inverse fl uorescence microscope were performed as described previously Windoffer et al., 2006) .
Cell fractionation and immunoblotting
Total cell lysates were prepared by adding 200-500 μl buffer (62.5 mM Tris-HCl, 2% [wt/vol] SDS, 10% glycerol, 50 mM DTT, and 0.01% [wt/vol] bromophenol blue) per 100 mm Petri dish. Solubilized cells were scraped off, sonicated briefl y, and heated to 95°C for 5 min before SDS-PAGE.
Cytoskeletal fractions were prepared by standard procedure (compare . SDS-PAGE and immunoblotting was done as described previously (Strnad et al., 2002) . In some instances, membranes were stripped by incubation in buffer containing 62.5 mM Tris, 2% (wt/vol) SDS, and 100 mM mercaptoethanol for 30 min at 55°C.
Immunoreactions were quantifi ed by scanning fl uorograms and analyzing reactive bands with Gel-Pro Analyzer software (Bio-Rad Laboratories). Integrated optic densities were determined from immunoblots run in parallel examining cell fractions from different experiments. The mean, SEM, and P values were calculated with SigmaStat (SYSTAT Software, Inc.).
For immunoprecipitation, cells were washed twice with PBS supplemented with 5 mM EDTA, scraped off, and solubilized in ice-cold buffer containing 1% NP-40, 5 mM EDTA, and 0.1 mM PMSF together with protease inhibitors (1 tablet of protease inhibitor cocktail "cOmplete" from Roche per 50 ml) by incubation at 4°C in a shaker for 2 h. Particles were centrifuged down at 18,000 g for 20 min at 4°C. Keratin antibody L2A1 was added to the supernatant. After incubation for 1 h, preequilibrated protein A-Sepharose CL-4B (GE Healthcare) was added and incubation at 4°C continued for another 2 h under constant agitation. Three brief wash steps in buffer containing 0.1% NP-40, 5 mM EDTA, and 0.1 mM PMSF followed and the remaining material was suspended in 62.5 mM Tris-HCl, 2% (wt/vol) SDS, 10% glycerol, and 0.01% (wt/vol) bromophenol blue, heated to 95°C for 2 min and subjected to SDS-PAGE.
Online supplemental material
The images shown in Fig. S1 (A and B) demonstrate that monoclonal antibodies directed against p38 p present the same colocalization with keratin granules as other polyclonal antibodies (see Fig. 1 ). Similarly, fl uorescent K18 and p38 chimeras colocalize in prominent cytoplasmic aggregates (Fig. S1, C and D) . The fl uorescence micrographs provided in Fig. S2 show that phosphorylation of K8-S431 is not affected by OV; those in Fig. S3 demonstrate that the keratin cytoskeleton is reorganized in response to p38 down-regulation and that K8-S73D mutation does not affect overall network formation. Fig. S4 summarizes colocalization results for keratins and specifi c keratin phosphoepitopes or phosphorylated p38, JNKs, and ERKs during various situations of pronounced KF network alterations. Fig. S5 lists the oligonucleotides used for cloning. Videos 1 and 2 corresponding to Fig. 10, A 
